arXiv:1307.2393v1 [hep-ph] 9 Jul 2013

MODEL-INDEPENDENT ESTIMATES FOR THE COUPLINGS OF THE ABELIAN Z^′ BOSON IN THE DRELL-YAN PROCESS AT THE LHC

A.V. Gulov^∗ and A.A. Kozhushko^† Dnipropetrovsk National University, 49010 Dnipropetrovsk, Ukraine

Abstract

In the present paper we investigate the Drell-Yan process with the intermediate heavy Z^′ boson. The Z^′ couplings to the SM fermions are described by an effective low-energy Lagrangian. In our investigation we use a model-independent approach that utilizes the renormalization-group relations between the Z^′ couplings and allows to reduce the number of unknown Z^′ parameters significantly. Earlier this approach was applied to analyze the LEP data, and a maximum-likelihood value for the Z^′ coupling to axial-vector fermion currents was derived. We use this result in a newly proposed strategy for estimating Z^′ contributions to the Drell-Yan cross section in order to constrain the Z^′ couplings to lepton and quark vector currents. We determine the values of the Z^′ couplings that allow to use the Narrow-Width Approximation. Then we calculate the Z^′-related contribution in this approximation and compare it to the experimental data from the LHC presented by the ATLAS and CMS collaborations. Our method allows to estimate the values of Z^′ couplings to the u and d quarks and to final-state leptons.

PACS numbers: 11.10.Gh, 12.60.Cn, 14.70.Pw Keywords: Z^′ boson; LEP bounds; hadron colliders

∗ alexey.gulov@gmail.com † a.kozhushko@yandex.ru

I. INTRODUCTION

Searching for new particles beyond the Standard Model (SM) is an important part of experiments at modern colliders. Among the scenarios of new physics a heavy neutral vector boson (Z^′ boson) is probably the most perspective intermediate state to be detected in hadron scattering processes in the annihilation channel. This particle resides in popular grand unification theories and other models with extended gauge sector (see [1–3] for review). Considering a couple of Z^′ models, current experiments constrain its mass to be no less than 1-3 TeV [4, 5]. At the LHC Z^′ bosons could be discovered in the Drell–Yan process through deviations of the cross-section from the predicted SM background.

Unfortunately, observables in experiments at hadron colliders are calculated with significant theoretical uncertainties coming from the parton model of hadrons. In this situation one can only hope to discover the most prominent signals. This is the reason for LHC collaborations to pay special attention to searching for narrow Z^′ resonances.

In general, accurate description of the Z^′ contribution to the Drell-Yan process requires to consider scattering amplitudes with intermediate virtual states. This allows to derive fewparametric observables suitable for data fitting [6, 7]. But if the resonance is a narrow one, then it can be described in a more simple way by a small number of convenient characteristics of production and decay of the particle. In this approach it is enough to set the Z^′ mass and width, the production cross-section, and the branching ratio into the final state. Being quite simple, such a scheme at the same time could give estimations of Z^′ couplings to the SM fields based on the current experimental data.

Effects of Z^′ boson can be calculated in details for each specific model beyond the SM. Such model-dependent estimates are widely presented in the literature [8–16]. Some set of popular E_6-based models and left-right models is usually considered in this approach. However, probing the set we can still miss the actual Z^′ model. In this regard, it is useful to complement the model-dependent Z^′ searches by some kind of model-independent analysis (e.g. [17]), i.e. the analysis covering a lot of models. Almost all of the usually considered models belong to the models with the so-called Abelian Z^′ boson. In Ref. [18, 19] model-independent relations were found which hold in models containing the Abelian Z^′ boson. The covered models satisfy natural conditions: only one neutral vector boson exists at energy scale about 1-10 TeV; the Z^′ boson is decoupled at low energies and can be phenomenologically described by the effective Lagrangian[1–3]; the underlying theory is renormalizable and matches either one- or two-Higgs-doublet standard model at low energies; the SM gauge group is a subgroup of the gauge group of the underlying theory. The relations require both the same Z^′ couplings to the left-handed fermion currents within any SM doublet and the universal absolute value of the Z^′ couplings to the axial-vector currents for all the massive SM fermions (see [20, 21] for details). The relations reduce significantly the number of unknown Z^′ parameters allowing model-independent analysis of experimental data. For instance, some Z^′ hints were found from LEP data.

In [22] two different estimates both for the Z^′ production cross section at the LHC and the Z^′ decay width were presented. Those are the 95% CL estimate, where all the coupling constants ā and v̄_f are varied in their 95% CL intervals derived by LEP data, and the maximum-likelihood estimate, where ā is set to its mean value from experimental data, √ 0.13 × 10^{−2}, and v̄_f are varied in their 95% CL intervals. It was shown that in case of the maximum-likelihood estimate at Z^′ masses up to 1.5 TeV the narrow-width approximation (NWA) is applicable, and therefore it is possible to calculate the Z^′ contribution to the Drell-Yan cross section as σ(pp → Z^′) × BR(Z^′ → l^+l^−). However, this is not the case for higher Z^′ mass region, namely, at m_Z′ ∼ 2-3 TeV, which has recently been explored by the LHC collaborations [4, 5]. In this region the NWA condition Γ^2_Z′ /m^2_Z′ ≪ 1 for the maximumlikelihood estimate is not met. The reason is that even in case of this very optimistic scenario the intervals for the v̄_f couplings are still too wide. Since the LHC collaborations present their results calculated in the NWA, then to be able to obtain estimates of the Z^′ contribution to the Drell-Yan process at the LHC and compare them to the currently available data, we need to change our estimation strategy.

In our present investigation we use the model-independent relations for Z^′ couplings to estimate the Z^′ production in the Drell-Yan process. We compare the obtained cross section to the current LHC bounds. This allows us to constrain Z^′ couplings. It is also seen, how far the LHC will potentially advance the Z^′ searches compared to the LEP.

In Section II we provide all necessary information about the Z^′ boson and the used relations between couplings. Section III contains some details regarding Z^′ production and decay at the LHC. In Section IV our estimation strategy is presented. In Section V we discuss the obtained results.

II. THEORETICAL AND EXPERIMENTAL CONSTRAINTS ON THE Z^′ COU- PLINGS

In this paper we discuss phenomenological Z^′ couplings to the vector and axial-vector fermion currents described by the Lagrangian

L_Z¯_{ff} = 1 2 Z_μf̄γ^μ [ (v^{SM}_{fZ} + γ^5a^{SM}_{fZ} ) cos θ_0 + (v_f + γ^5a_f ) sin θ_0 ] f, L_Z′¯_{ff} = 1 2 Z^′_μf̄γ^μ [ (v_f + γ^5a_f ) cos θ_0 − (v^{SM}_{fZ} + γ^5a^{SM}_{fZ} ) sin θ_0 ] f, (1) where f is an arbitrary SM fermion state; a_f and v_f are the Z^′ couplings to the axial-vector and vector fermion currents; θ_0 is the Z–Z^′ mixing angle; v^{SM}_{fZ} , a^{SM}_{fZ} are the SM couplings of the Z-boson. Such a popular parametrization is suggested by a number of natural conditions. First of all, the Z^′ interactions of renormalizable types are expected to be dominant. The non-renormalizable interactions generated at high energies due to radiation corrections are suppressed by the inverse heavy mass 1/m_Z′ (or by other heavier scales 1/Λ_i ≪ 1/m_Z′ ) at low energies ∼ m_W and therefore they can be neglected. It is also assumed that the Z^′ is the only neutral vector boson with the mass of order of 1-10 TeV.

We consider the SM as the low-energy theory. We assume that the SU(2)_L ×U(1)_Y gauge group of the SM is a subgroup of the GUT group. In this case, a product of generators associated with the SM subgroup is a linear combination of these generators. As a consequence, all the structure constants connecting two SM gauge bosons with Z^′ have to be zero. Hence, the Z^′ interactions to the SM gauge fields at the tree level are possible due to a Z–Z^′ mixing only.

To calculate the Z^′ contribution to the Drell-Yan process, we also need to parameterize the Z^′ interactions with the SM scalar and vector fields. The explicit Lagrangian describing Z^′ couplings to all the SM fields can be found in Ref. [22].

The parameters a_f , v_f , and θ_0 could be fitted in experiments. In a particular model, one has some specific values for some of them. In case when the model is unknown, all these parameters remain potentially arbitrary numbers. In most investigations they are usually considered as independent ones. However, this is not the case if one assumes that the underlying extended model is a renormalizable one. In Refs. [18, 19] it was shown that these parameters are correlated as

v_f − a_f = v_f ∗ − a_f ∗ , a_f = T_{3f} g̃Ỹ_ϕ, (2) where f and f^∗ are the partners of the SU(2)_L fermion doublet (l^∗ = ν_l, ν^∗ = l, q^∗_u = q_d and q^∗_d = q_u), T_{3f} is the third component of weak isospin, and g̃Ỹ_ϕ determines the Z^′ interactions to the SM scalar fields and the Z–Z^′ mixing angle θ_0 in (1) (see [22] for details).

As it was discussed in [20, 21], the relations (2) cover a popular class of models with the Abelian Z^′ boson based on the E_6 group (the so called LR, χ-ψ models). Thus, they describe correlations between Z^′ couplings for a wide set of models beyond the SM. That is the reason to call the relations model-independent ones.

Let us note that the couplings of the Abelian Z^′ to the axial-vector fermion currents are described by a universal absolute value. The value is proportional to the Z^′ coupling to scalar fields. Then, the Z–Z^′ mixing angle θ_0 can be also determined by the axial-vector coupling.

At low energies the Z^′ couplings enter the cross-section together with the inverse Z^′ mass, so it is convenient to introduce the dimensionless couplings

ā_f = m_Z √ 4πm_Z′ a_f , v̄_f = m_Z √ 4πm_Z′ v_f , (3)

which are constrained by experiments. Since the axial-vector coupling is universal, we will use the notation ā = ā_d = ā_e− = −ā_u = −ā_ν . (4) Then the Z–Z^′ mixing is θ_0 ≈ −2ā sin θ_W cos θ_W √ α_{em} m_Z m_Z′ . (5) It also follows from (2) that for each fermion doublet only one vector coupling is independent:

v̄_{fd} = v̄_{fu} + 2ā. (6)

As a result, the Z^′ couplings can be parameterized by seven independent constants ā, v̄_u, v̄_c, v̄_t, v̄_e, v̄_μ, v̄_τ .

Recently the limits on Z^′ couplings from the LEP I and LEP II data were obtained [20, 21]. They can be interpreted as some hints of Z^′ boson at 1-2σ CL. Namely, the constants ā and v̄_e show non-zero ML values. The axial-vector coupling ā can be constrained by the LEP I data (through the mixing angle) and by the LEP II e^+e^− → μ^+μ^−, τ^+τ^− data. The corresponding ML values are very close to each other. The value

ā^2 = 1.3 × 10^{−5} (7) will be used in our estimates.

The electron vector coupling v̄_e can be constrained by the LEP II e^+e^− → e^+e^− data. An evident non-zero ML value occurred in fits taking into account the backward scattering bins only. Those fits showed 2σ signal of the Z^′ boson. On the other hand, that ML value was excluded at 95% CL by fits including all the bins. This instability is the reason to refrain from using the ML value of v̄_e in our estimates. We will only compare our results to the 95% CL bounds on v̄_e:

4 × 10^{−5} < v̄^2_e < 1.69 × 10^{−4}. (8)

Other Z^′ coupling constants have not been severely constrained by existing data. Among them v̄_u, v̄_c, and v̄_μ play an important role in the process qq̄ → Z^′ → μ^+μ^− which is most perspective to discover the Z^′ resonance.

III. Z^′ PRODUCTION AT THE LHC

At the LHC Z^′ bosons are expected to be produced in proton-proton collisions: pp → Z^′. At the parton level this process is described by the annihilation of a quark-antiquark pair, qq̄ → Z^′ (Fig. 1). The Z^′ production cross-section is the result of integration of the partonic cross-section σ_{qq̄→Z}′ with the parton distribution functions: σ_{AB} = ∑ q,q̄ ∫_1 0 dx_q ∫_1 0 dx_{q̄} f_{q,A}(x_q, μ_R, μ_F )f_{q̄,B}(x_{q̄}, μ_R, μ_F ) ×σ_{qq̄→Z}′ (m_Z′ , x_qk_A, x_{q̄}k_B), (9) where A, B mark the interacting hadrons (protons in our case) with the four-momenta k_A, k_B; f_{q,A} is the parton distribution function for the parton q in the hadron A with the momentum fraction x_q (0 ≤ x_q ≤ 1) at the renormalization scale scale μ_R and factorization scale μ_F . We use the parton distribution functions provided by the MSTW PDF package [23].

The production cross-section is determined by quadratic combinations of the Z^′ couplings to quarks,

σ_{AB} = ā^2σ_ā2 + āv̄_uσ_{āv̄u} + v̄^2_uσ_{v̄}2_u + āv̄_cσ_{āv̄c}

+v̄^2_c σ_{v̄}2_c + āv̄_tσ_{āv̄t} + v̄^2_t σ_{v̄}2_t , (10)

FIG. 1. Z^′ production at the parton level.

where relations (4)–(6) are taken into account. The factors σ depend on m_Z′ and the beam energy. The factors σ_{āv̄t} and σ_{v̄}2_t are small compared to σ_ā2 , σ_{āv̄u} and σ_{v̄}2_u , and their contributions to the cross-section can be neglected.

We take into account the 90% CL uncertainties of the parton distribution functions provided by the MSTW PDF package, and also the uncertainties that arise from the renormalization and factorization scales variation: μ_R = μ_F = μ, m_Z′ /2 ≤ μ ≤ 2m_Z′ .

Both the Z^′ production cross section and the uncertainties are calculated in the leading order in α_S . The next-to-next-to-leading order cross section together with the corresponding uncertainties is obtained using the NNLO K-factor for the Drell-Yan process calculated in the Standard model:

K = σ^{NNLO} DY σ^{LO}_{DY}

. (11)

The K-factor is calculated using the FEWZ software [24]. Finally, the production cross-section reads:

σ_{pp→Z}′ = ā^2σ_ā2 + āv̄_uσ_{āv̄u} + v̄^2_uσ_{v̄}2_u ± Δσ^{pdf+scale}, Δσ^{pdf+scale} = ā^2Δσ^{pdf+scale}_ā2 + āv̄_uΔσ^{pdf+scale}_{āv̄u} + v̄^2_uΔσ^{pdf+scale}_{v̄}2_u . (12)

The Z^′ decay width Γ_Z′ can be calculated by using the optical theorem:

Γ_Z′ = −

Im G(m^2_Z′ ) m_Z′ , (13)

where G(p^2) is the two-point one-particle-irreducible Green’s function corresponding to the diagram in Fig. 2. We compute Γ_Z′ at the one-loop level with the help of the FeynArts,

FIG. 2. One-particle-irreducible correction to Z^′ → Z^′.

FormCalc and LoopTools software [25, 26]. The Feynman diagrams with internal Z^′ lines as well as the Passarino-Veltman integrals of type A give no contribution to the result, since they are real. The rest of diagrams correspond to different channels of Z^′ decay. As a result, we obtain all the partial widths (and the branching ratios) corresponding to Z^′ decays into two SM particles.

The partial widths corresponding to Z^′ decays into fermionic pairs can be written in the form Γ_Z′_→¯_{ff} = ā^2_f Γ_ā2_f + ā_f v̄_f Γ_{āf v̄f} + v̄^2_f Γ_{v̄}2_f . (14)

The factors Γ_a2_f , Γ_{af vf} and Γ_v2_f are proportional to m_Z′ .

IV. ESTIMATION SCHEME

The main Z^′ decay channels considered by ATLAS and CMS are dielectronic and dimuonic channels. The couplings that enter the corresponding cross sections are ā, v̄_u, and v̄_e for the pp → Z^′ → e^+e^− case and ā, v̄_u, and v̄_μ for the pp → Z^′ → μ^+μ^− case, both with some contribution from v̄_c (up to 10%), which we are going to ignore in our estimation.

Since v̄_μ was not constrained by the LEP data, we are going to study only the dielectron final state (also note that both these processes are similar at high energies). This allows us to estimate how the LHC data limit the Z^′ couplings compared to the LEP results.

Let us present our estimation scheme. Since there is a maximum-likelihood value for ā^2 from LEP, we can consider it as our “optimistic” estimate. There is also a “pessimistic” estimate with ā^2 = 0 for weakly-coupled Z^′. Replacing the axial-vector coupling by these two estimates in the pp → Z^′ → e^+e^− cross section, we can investigate possible v̄_e and v̄_u values taking onto account the LHC results on direct searches for Z^′ resonances [4, 5].

First, we need to determine the region of couplings in which the NWA is applicable. The criterion is Γ^2_Z′ /m^2_Z′ ≪ 1. We set it to

Γ^2_Z′ /m^2_Z′ ≤ 0.01 (15)

To obtain the widest possible region for v̄_e and v̄_u, we set the rest of vector couplings to the values at which the corresponding partial widths are minimal. From Eq. (14) and taking into account relations (4), (6) those values are:

v̄_f = − āΓ_{āv̄f} 2Γ_{v̄}2_f ≈ ±0.0036, f ≠ e^−, u, (16) where the plus sign is for leptonic couplings, and the minus sign is for quark couplings.

Our next step is to investigate how the currently available LHC data constrains the values of v̄_e and v̄_u. Both the ATLAS [4] and CMS [5] results indicate that the lower bounds for the Z^′ mass lie between 2 TeV and 3 TeV. Therefore, we shall derive our constraints for those two values. The pp → Z^′ → e^+e^− cross section is calculated as

σ_{NW A} = σ_{pp→Z}′ × BR(Z^′ → e^+e^−) = σ_{pp→Z}′ × Γ_Z′_{→e}+_e− Γ_Z′

. (17)

We compare this cross section to the experimental upper bounds presented in [4] and [5] for pp collisions at √ S = 8 TeV. At the considered Z^′ mass values it is always possible to choose such v̄_f (f ≠ e^−, u) values, that correspond to the upper bound of the Z^′ decay width in Eq. (15). Therefore, both for m_Z′ = 2 TeV and m_Z′ = 3 TeV we set Γ_Z′ to 0.1m_Z′ . This will allow us to obtain widest possible LHC-driven intervals for v̄_e and v̄_u.

V. RESULTS AND DISCUSSION

The constraints on the v̄_u-vs-v̄_e planes are shown in Fig. 3. We present the areas of v̄_u and v̄_e values for which the NWA is applicable. For the “optimistic” estimation we use two possible values for the axial-vector coupling: ā = ± √ 0.13 × 10^{−5}. Also the LEP bounds for v̄_e are shown for comparison.

The ATLAS collaboration reports upper bounds for σ_{pp→Z}′_{→e}+_e− [4] at 1.5 × 10^{−3} pb for m_Z′ = 2 TeV and 2.5 × 10^{−3} pb for m_Z′ = 3 TeV. The “optimistic” estimation for σ_{NW A} lies higher than these values, therefore, the LEP maximum-likelihood value ā^2 = 1.3 × 10^{−5} is discouraged by the LHC results at least by one order of magnitude for m_Z′ from 2 TeV to 3

FIG. 3. The v̄_u-v̄_e plane. Upper row: M_Z′ = 3 TeV; lower row: M_Z′ = 2 TeV. The yellow-filled areas represent the coupling values for which the Narrow Width Approximation is applicable (i.e. Γ_Z′ /M_Z′ ≤ 0.1). The hatched areas are for the 95% C.L. bounds on the v̄_e coupling (from LEP II data). The red-filled area represents the v̄_u and v̄_e values allowed by the LHC.

TeV. The LEP maximum-likelihood value is consistent with the LHC results for Z^′ masses below 700 GeV.

The region for the “pessimistic” estimation overlaps with the LHC values, therefore allowing for non-zero upper values of the vector couplings. The regions of those are also plotted in Fig. 3.

From the plots for the “pessimistic” estimation we can see that the LHC will limit the vector couplings to v̄^2_u ≤ 10^{−5}..10^{−6}, v̄^2_e ≤ 10^{−4}..10^{−5}, which is one order lower than the LEP limits. This estimate represents a Z^′ with small coupling to the axial-vector currents.

To obtain more strict bounds, one has to take into account the contributions from the remaining fermions and take into account the differential cross-section rather than working in the narrow-width approximation. Nevertheless, the two presented estimates, being rough, still allow to see, how far it is possible to advance both the direct and indirect Z^′ searches compared to the LEP results.

[1] A. Leike, Phys. Rep. 317, 143 (1999).

[2] P. Langacker, Rev. Mod. Phys. 81, 1199-1228 (2008); e-print arXiv:0801.1345 [hep-ph]. [3] T. Rizzo, e-print hep-ph/0610104.

[4] ATLAS Collaboration, e-print arXiv:1303.4287 [hep-ex].

[5] CMS Collaboration, Phys. Lett. B 720, 63 (2013), e-print arXiv:1212.6175 [hep-ex]. [6] P. Osland, A. A. Pankov, N. Paver and A. V. Tsytrinov Phys. Rev. D 79, 115021 (2009). [7] A. Gulov and A. Kozhushko, e-print arXiv:1209.5022 [hep-ph]. [8] J. Erler, P. Langacker, S. Munir and E. R. Pena, JHEP 08, 017 (2009). [9] F. del Aguila, J. de Blas and M. Perez-Victoria, e-print arXiv:1005.3998. [10] J. Erler, P. Langacker, S. Munir, E. Rojas, e-print arXiv:1010.3097v1 [hep-ph] [11] G. Corcella, e-print arXiv:1307.1040 [hep-ph].

[12] V. V. Andreev, G. Moortgat-Pick, P. Osland, A. A. Pankov, N. Paver, e-print arXiv:1205.0866 [hep-ph].

[13] V. V. Andreev and A. A. Pankov, Phys. Atom. Nucl. 76, 753-765 (2013). [14] Qing-Hong Cao, Zhao Li, Jiang-Hao Yu and C.-P. Yuan, Phys. Rev. D 86, 095010 (2012). [15] L. Basso, K. Mimasu and S. Moretti, JHEP 1211, 060 (2012).

[16] E. Accomando, D. Becciolini, A. Belyaev, S. Moretti and C. Shepherd-Themistocleous, e-print arXiv:1304.6700 [hep-ph].

[17] O.J.P. Eboli, J. Gonzalez-Fraile and M.C. Gonzalez-Garcia, Phys. Rev. D 85, 055019 (2012). [18] A. V. Gulov and V. V. Skalozub, Eur. Phys. J. C 17, 685 (2000). [19] A. V. Gulov and V. V. Skalozub, Phys. Rev. D 61, 055007 (2000). [20] A. V. Gulov and V. V. Skalozub, e-print arXiv:0905.2596v2 [hep-ph].

[21] A. V. Gulov and V. V. Skalozub, Int. J. Mod. Phys. A 25, 5787-5815 (2010). [22] A. V. Gulov and A. A. Kozhushko, Int. J. Mod. Phys. A 26, 4083-4100 (2011). [23] A.D. Martin, W.J. Stirling, R.S. Thorne and G. Watt, Eur. Phys. J. C 63, 189 (2009); ibid. 64, 653 (2009); ibid. 70, 51 (2010); e-print arXiv:0901.0002v3 [hep-ph]; e-print arXiv:0905.3531v2 [hep-ph]; e-print arXiv:1007.2624v2 [hep-ph]; http://projects.hepforge.org/mstwpdf/.

[24] R. Gavin, Y. Li, F. Petriello and S. Quackenbush, Comput. Phys. Commun. 182, 2388-2403 (2011), e-print arXiv:1208.5967 [hep-ph], http://gate.hep.anl.gov/fpetriello/FEWZ.html.

[25] T. Hahn, Comput. Phys. Commun. 140, 418 (2001); e-print arXiv:hep-ph/0012260v2;

http://www.feynarts.de/.

[26] T. Hahn and M. Perez-Victoria, Comput. Phys. Commun. 118, 153 (1999); e-print arXiv:hepph/9807565v1; http://www.feynarts.de/formcalc/, http://www.feynarts.de/looptools/.